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Spin squeezing can improve atomic precision measurements beyond the standard quantum limit
(SQL), and unitary spin squeezing is essential for improving atomic clocks. We report substantial
and nearly unitary spin squeezing in 171Yb, an optical lattice clock atom. The collective nuclear spin
of ∼ 103 atoms is squeezed by cavity feedback, using light detuned from the system’s resonances to
attain unitarity. The observed precision gain over the SQL is limited by state readout to 6.5(4) dB,
while the generated states offer a gain of 12.9(6) dB, limited by the curvature of the Bloch sphere.
Using a squeezed state within 30% of unitarity, we demonstrate an interferometer that improves
the averaging time over the SQL by a factor of 3.7(2). In the future, the squeezing can be simply
transferred onto the optical clock transition of 171Yb.
PACS numbers: 03.65.Aa, 03.67.Bg, 32.80.Qk
Optical lattice clocks (OLCs) employ ensembles of cold
trapped atoms to reach unprecedented fractional accu-
racy at the level of 10−18 [1–5]. Such clocks now operate
near the standard quantum limit (SQL) set by quan-
tum projection noise, where the precision of a sensor
improves as
√
N with the number of atoms N . Spin
squeezed states (SSSs) [6–22] are many-body entangled
states that can overcome the SQL [8, 23]. They have
simple Gaussian quasi-probability distributions with re-
duced (squeezed) and enhanced (antisqueezed) quantum
noise, respectively, along two orthogonal directions of the
collective atomic spin. While for fixed-bandwidth ap-
plications the precision depends on the squeezing alone,
Andre´ et al. [24] have shown that for optimized clocks
the antisqueezed direction eventually leaks into the mea-
surement, reducing the gain in precision. In practice, the
amount of antisqueezing typically far exceeds the squeez-
ing, and this mechanism can dramatically reduce the pre-
cision gain to the point where, e.g., the state with the
highest inferred squeezing of 20 dB (and an antisqueezing
of 39 dB) [20] would improve the precision of a clock by
a mere 2 dB [25]. Thus nearly unitary (area-preserving)
squeezing is of high importance for future clock appli-
cations. Furthermore, of the most common OLC atoms,
spin squeezing in Sr, Ca, Mg or Hg have not been demon-
strated so far, and Yb has only been weakly squeezed by
∼ 2 dB [10].
In this Letter, we demonstrate for the first time near-
unitary optical spin squeezing, as well as the first sub-
stantial squeezing in an OLC atom. The observed metro-
logical gain of up to 6.5(4) dB is limited by the state
detection, while subtraction of the independently de-
termined measurement noise implies that the generated
SSSs offer 12.9(6) dB of metrological gain and 15.9(6) dB
of spin noise suppression. Under conditions where the
squeezing is unitary within 30%, and nearly optimal
for clock applications, we demonstrate an interferome-
ter with a factor of 3.7(2) reduction in averaging time
over the SQL. In the future, the demonstrated squeezing
between the two nuclear sublevels
∣∣m = ± 12〉 of the elec-
tronic ground state 1S0 of
171Yb can be directly used in
the OLC by transferring the population of one of the two
sublevels into the 3P0 excited clock state with an optical
pi pulse [26].
Optical spin squeezing methods rely on the collective in-
teraction of the atomic ensemble with a light field, where
for superior performance the atom-light interaction is en-
hanced by a cavity [15, 19, 20]. One method that does
not require detection of the light, which in practice is al-
ways imperfect, is cavity feedback squeezing [14, 21, 27]:
The spin quantum noise tunes the cavity frequency, such
that the amount of light circulating inside the cavity de-
pends on the Sz component of the collective atomic spin.
The light then acts back onto another component Sy of
the atomic spin through the light shift, creating Sy-Sz
quantum correlations and atomic entanglement in the
process. In cavity squeezing, any information contained
in the light field results in non-unitary evolution of the
atomic system [28]. Recently, Zhang et al. [29] pointed
out that the process can be made more unitary by detun-
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FIG. 1. (a) Experimental setup. A one-dimensional opti-
cal lattice at λt=759 nm (red) traps the atoms. Light at
λ=556 nm light (green), whose transmission is detected us-
ing a dichroic mirror (D) and a single-photon counter (SPC),
is used for squeezing and probing. (b) Relevant energy
levels of 171Yb with ground state
∣∣1S0, I = 12〉 and excited
state
∣∣3P1, F = 32〉. The Zeeman splitting in ∣∣3P1, F = 32〉 is
∆z/(2pi)=18.5 MHz for a magnetic field Bz=13.6 G along the
cavity axis. (c) Cavity transmission spectrum showing vac-
uum Rabi splitting for Nη=1800, as well as the two squeezing
light pulses ωl1 and ωl2. (d) Simplified representation of the
squeezing and measurement sequence. (e) Quasiprobability
distributions for a CSS (red) and SSS (blue).
ing the probe light far from cavity resonance. Although
this decreases the squeezing strength per photon, it also
hides the information about the atomic state in the pho-
ton shot noise, thereby enhancing the squeezing. In the
present work, we are making use of this idea, but in a
resonant regime of vacuum Rabi splitting, rather than
dispersive cavity shift [29], resulting in further improved
squeezing, and more resilience to technical noise. In ad-
dition, we implement spin squeezing on an almost closed
optical transition, which removes a squeezing limit due to
Raman scattering between the spin states [19, 30], and al-
lows us for the first time to create SSSs that are limited
by the curvature of the Bloch sphere for the collective
atomic spin (see Fig. ).
Laser-cooled 171Yb atoms are prepared in a magic-
wavelength optical-lattice trap inside an optical cavity.
The atom-light interaction is characterized by an effec-
tive single-atom cooperativity η=1.8(1) and collective
cooperativity Nη≈1800, where N≈1000 is the effective
atom number (see Ref. [31] and Supplemental Material
(SM) [32] for details). The value of the effective cooper-
ativity η is confirmed in an independent measurement.
We perform squeezing between the nuclear sublevels
|↑〉 ≡ ∣∣mI= 12〉 and |↓〉 ≡ ∣∣mI=− 12〉 of the electronic 1S0
ground state of 171Yb. The collective spin state can be
represented on a Bloch sphere with radius S=N/2 [33].
The cavity frequency is tuned to be nearly resonant
with the |↑〉 → ∣∣3P1,mF = 32〉 atomic transition. N↑
atoms in the state |↑〉 induce a vacuum Rabi splitting
2g=
√
N↑ηκΓ of the atom-cavity resonance (Fig. 1(c)),
where κ and Γ are the cavity and atomic linewidth, re-
spectively. There is also a small dispersive effect from
the N↓ atoms in the state |↓〉, suppressed by the Zee-
man splitting in the excited 3P1 state, with ∆zΓ, κ (see
Fig. 1(b)); this effect is included in our theoretical model
(see SM [32] for details).
Since the cavity is primarily coupled to the population
N↑ of the state |↑〉, Sz is determined by detecting N↑
via a measurement of the Rabi splitting 2g, swapping
the populations of |↑〉 and |↓〉 with a radiofrequency pi
pulse, and remeasuring the Rabi splitting to give N↓.
From N↑ and N↓, we determine Sz = (N↑ − N↓)/2,
and S = (N↑ + N↓)/2 using the two-transition atomic
model and the separately measured cavity parameters
(see SM [32]). The primary quantity of interest, denoted
by σ2 ≡ 2 (∆Sz)2 /S, is the spin variance (∆Sz)2 nor-
malized to the noise of the coherent spin state (CSS)
(∆Sz)
2
CSS = S/2. The SQL corresponds to σ
2=1.
The measured spin variance σ2 is the sum of the vari-
ances of the atomic state σ2st and the measurement reso-
lution σ2d. To independently quantify the latter, we pre-
pare a CSS on the equator, measure Sz twice, and set
σ2d ≡ var(Sz1 − Sz2)/2. We achieve a detection variance
σ2d = −9.4(4) dB, i.e. a factor of 9 below the SQL. The
measurement quality is limited by a small residual Ra-
man scattering that randomly transfers atoms between
the states |↑〉 and |↓〉 [19, 20, 27, 30, 34], in combination
with the collective cooperativity Nη and photon detec-
tion efficiency  = 15% (see SM [32]).
The spin squeezing sequence is shown in Fig. 1(d). First,
we create a CSS along the x-axis by optically pumping
all atoms into |↑〉, and then applying a pi/2-pulse. The
squeezing is generated by pulses of light [14, 15], whose
frequency ωl is chosen to balance two competing effects:
Increased detuning from the vacuum Rabi peaks makes
the squeezing process more unitary with respect to the
transmitted light, but also reduces the squeezing per pho-
ton and the interferometer contrast (see Fig. 4(b)). Fur-
thermore, fluctuations in the trapped atom number result
3in fluctuations of the squeezing strength since the vacuum
Rabi splitting depends on N↑, rather than Sz. We cancel
this effect by squeezing with bichromatic light inside and
outside the Rabi peaks (see Fig. 1(c)), so that the com-
bined squeezing is independent of total atom number.
Besides the squeezing, the intracavity light also shifts
the phase of the CSS, which we cancel by a spin echo
sequence with two bichromatic pulses (see SM [32] for a
detailed description).
The generated SSS is reconstructed by rotating it by
an angle α about its average spin vector and then de-
tecting the spin projection Sz(α) along the z axis (see
Fig. 1(d)). The measurement is repeated more than
100 times for each α. The normalized spin variance
σ2(α)=2 (∆Sz(α))
2
/S along the direction α is displayed
in Fig. 2 for several different powers of the squeezing light.
As a given SSS is rotated, the projected variance dips
below the CSS noise until the rotation angle α reaches
α−, where the short axis of the uncertainty ellipse lies
along the z-axis. Beyond α−, the variance grows un-
til the antisqueezing quadrature is oriented along z for
α = α− + pi/2.
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FIG. 2. Measured normalized spin noise σ2(α), as a function
of the state rotation angle α, for shearing strengths Q = 0.3
(blue circles), Q = 2.2 (green squares), Q = 4.5 (yellow tri-
angles), and Q = 6.3 (red diamonds). For visualization, the
data measured at α=0 are displayed at α=0.02 rad. The solid
lines are theoretical fits. States in the violet region below the
dashed line at σ2 = σ2d = 0.11 (detection limit) cannot be
directly observed. Inset: σ2st of SSS after subtracting mea-
surement noise σ2d for the same parameters.
To compare the data to a theoretical model, we first
consider the polar angle of the spin vector, defined as
τα≡
√
2S arcsin (Sz(α)/S). Its variance (∆τα)
2
, normal-
ized to the variance (∆θ)
2
CSS = (2S)
−1 of the CSS, is
given by
(∆τα)
2
(∆θCSS)
2 = 1−Q sin 2α+
(
F +Q2
)
sin2 α. (1)
Here, Q is the dimensionless shearing strength (see
Fig. 1(e)), defined as the normalized light–induced phase
shift ±φ/∆θCSS experienced by a spin displaced by
one standard deviation of the CSS from the equator,
Sz = ±
√
S/2 [14]. The other dimensionless parameter F
quantifies the excess broadening (in variance units) com-
pared to a pure SSS or CSS, which have F = 0. (For an
explicit expression for Q and F see SM [32].)
From Eq. (1) we find the minimum (ξ2−) and maximum
(ξ2+) variances of the normalized spin angle τα,
ξ2± =
1
2
(
2 + F +Q2 ±
√
4Q2 + (F +Q2)2
)
, (2)
obtained at angles α−= arctan[(
√
4Q2+(F+Q2)2 −
(F+Q2))/(2Q)] and α+=α−+pi/2, respectively. The
normalized uncertainty area of the SSS ellipse is given
by A=ξ+ξ−=
√
1+F . The relation between (∆τα)
2
and the normalized spin variance σ2(α) of Sz(α) is
given by σ2(α)=(S/2)[1 − exp(−2 (∆τα)2 /S)]. For the
CSS and the SSS quadrature ξ2−, the approximation
σ2(α)≈ (∆τα)2 holds, while the antisqueezed quadrature
ξ2+ is reduced by the curvature of the Bloch sphere.
The solid lines in Fig. 2 are obtained by fitting the data
to σ2(α)+σ2d with Q and F as the only fitting parame-
ters, while σ2d is the previously measured detection limit.
We find good agreement between the model and the data,
allowing us to extract both the shearing strength Q and
the excess broadening F . In Fig. 3 we plot Q and F
versus the number pt of transmitted photons during the
optical squeezing. For negligible technical noise we ex-
pect both Q and F to be proportional to pt (see SM [32]).
The solid lines in Fig. 3 represent the predicted linear be-
havior of Q and F obtained from an analytical model of
the system without any free parameters (see SM [32]);
the dotted line includes the effect of finite measurement
quality σ2d= − 9.4 dB, that affects the measurement of
the squeezed quadrature ξ2−<1, and hence F , but not
Q. The model without any free parameters agrees re-
markably well with the measured Q and F , indicating
the absence of major technical limitations other than the
finite state detection quality σ2d.
The attainable metrological gain depends not only on
the reduced spin noise ξ2−, but also on the signal 〈|~S|〉
[8] which determines the contrast C of an interfero-
metric measurement. The dominant loss of contrast is
due to the scattering of photons into free space dur-
ing squeezing, which projects atoms into |↑〉 or |↓〉.
The measured Ramsey contrast as a function of Q is
shown in Fig. 4, together with the a-priori prediction
C=C0 exp
(
−(Q/Q˜+Q2)/N
)
with the initial contrast
C0=0.97 in the absence of squeezing as the only fitting
parameter. Here, Q˜ = 0.050(3) is the independently mea-
sured shearing strength per scattered photon. The term
Q/Q˜ arises from photon scattering into free space, while
the second, smaller term accounts for the SSS wrapping
around the Bloch sphere.
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FIG. 3. Shearing strength Q (filled blue squares) and ex-
cess broadening factor F (red circles) plotted vs. the number
pt of transmitted photons. The open red circles correspond
to the directly measured data with theoretical model with-
out free parameters (dotted red line), the solid circles are
after subtraction of measurement noise σ2d with parameter-
free model without (solid red line) and with (dashed red line)
Bloch-sphere-curvature-induced broadening. The theoretical
predictions are given by Eqs. (S7) and (S8) of the SM [32].
The metrological gain of a squeezed state is then given
by the Wineland parameter ξ2W=ξ
2
−/C
2 [8]. Fig. 4(a)
shows ξ2W , the measured spin noise reduction ξ
2
−, and
the inferred squeezing ξ2st=ξ
2
−−σ2d of the state after sub-
traction of the measurement resolution σ2d. For Q & 6
the measured squeezing ξ2− saturates at σ
2
d; Q=6.3 also
optimizes the Wineland parameter at ξ2W= − 6.5(4) dB.
The inferred squeezing ξ2st is consistent with the pre-
diction from the model with no free parameters (solid
red line), which is limited by the Bloch sphere curva-
ture to ξ2st = −15.9(6) dB. To our knowledge, this is the
first time that the limitation of spin squeezing due to
the curvature of the Bloch sphere [6] has been observed.
The inferred metrological gain without readout noise is
ξ2W=− 12.9(6) dB.
Finally, we directly demonstrate an interferometric
measurement with a precision beyond the SQL by
implementing a Ramsey sequence with a squeezed,
nearly uncertainty-limited input state (Q=3.8, area
A=
√
1+F=1.3). The state is chosen to provide nearly
optimum precision gain in the interferometer and in a
future OLC [25], see Fig. 4(a). We rotate the squeezed
state by α=pi/2 − α− to align the minimal uncertainty
along the phase axis, allow the state evolve for a Ramsey
time τR=1.5 ms, and apply a final pi/2 rotation to map
the accumulated phase onto Sz. In Fig. 4(c) we compare
the phase Allan deviation of the SSS (red squares) with
that of the CSS (black circles). The Allan deviation for
both CSS and SSS Ramsey sequences is derived from 90
sequential measurements. The precision of the CSS in-
terferometer is accurately described by the SQL (black
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FIG. 4. (a) Wineland metrological gain ξ2W (blue), mea-
sured spin noise reduction ξ2− (green), and inferred SSS noise
ξ2st (red) as a function of shearing strength Q. ξ
2
− is lim-
ited by the measurement resolution and ξ2st by the curva-
ture of the Bloch sphere. (b) Ramsey contrast as a func-
tion of Q with initial contrast as only fitting parameter (solid
line). (c) Allan deviation of a phase measurement for a CSS
(black squares) with SQL (dashed line) and for a SSS with
Q = 3.8 (pt=130), F = 0.8 (red data). The red solid line is fit
to the first three data points. The reduction in measurement
time over the SQL is a factor of 3.7(2), represented by the
orange star in (a).
dashed line). The SSS reaches a given precision 4 times
faster than a system at the SQL. The main limitation
to longer integration times is magnetic field noise (see
SM [32]).
In conclusion, we have demonstrated near-unitary cav-
ity feedback squeezing. Our measurements agree with
a model without free parameters that predicts both the
area and shape of the squeezed state. The results pre-
sented here can be further improved upon in several ways:
state detection with a larger applied magnetic field will
reduce the Raman scattering and improve the measured
spin noise and metrological gain. Alternatively, one can
use a squeezing-unsqueezing method [21, 35] that is not
limited by the detection quality, and that is also insensi-
tive to the curvature of the Bloch sphere. The intrinsic
squeezing of ξ2st=−16 dB is already more than halfway
(on a logarithmic scale) between the SQL and the ulti-
mate Heisenberg limit at ξ2H=−30 dB for N=103 atoms.
The squeezing performance depends only on the collec-
5tive cooperativity Nη, and by placing the ensemble at
a location in the cavity with higher single-atom cooper-
ativity at constant Nη, i.e., for smaller atom number,
the demonstrated performance could already be quite
close to the Heisenberg limit. Furthermore, the absolute
squeezing will improve with increased collective cooper-
ativity in proportion to Nη. We expect that the spin
squeezing can be transferred from the nuclear spin di-
rectly to the
∣∣1S0〉 → ∣∣3P0〉 clock transition through an
optical pi pulse, thus enabling optical-clock operation be-
yond the SQL. Finally, unitary squeezing can also be used
to enable quantum information processing with Gaussian
states [36, 37].
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7Supplemental Material
I. Technical and experimental details
Cold 171Yb atoms are prepared in a two-color magneto-
optical trap (MOT) [38] and then cooled further in a
single-color MOT on the triplet transition 1S0→3P1 with
wavelength λ=556 nm and linewidth Γ/(2pi)=184 kHz.
The atoms are transported into an asymmetric high-
finesse optical cavity [31] by adjusting the magnetic field
of the MOT, and loaded into a one-dimensional opti-
cal lattice with wavelength λt=759 nm and trap depth
U0=kB×120 µK. In order to remove hot atoms with
weaker coupling to the cavity mode, the trap depth
is lowered to U0/3 and restored to U0 over 85 ms.
The temperature of the remaining Ntot≈1500 atoms is
T=(20±5) µK.
The asymmetric cavity consists of a large spherical mirror
with radius of curvature R1=25 mm, and a slightly ellip-
tical micromirror with an average radiusR2=344 µm [31].
The cavity finesse is F=1.2×104 at the probe wavelength
λ, corresponding to a cavity linewidth κ/(2pi)=520 kHz.
The single-atom cooperativity at an antinode is given by
η0=24F/(pik2w2) [39]. At a distance of 0.42 mm from
the micromirror, the probe mode waist is w = 15.1 µm,
giving η0=2.4, which means that the system is in the
strong-coupling regime [40–42] (see also Ref. [31] for de-
tails). Since λ 6= λt, the atoms are inhomogeneously cou-
pled to the probe. As in Refs. [15, 33], we define an ef-
fective atom number N=Ntot〈η〉2/〈η2〉= 23Ntot and effec-
tive single-atom cooperativity η=〈η2〉/〈η〉= 34η0, so that
the spin projection noise, measured via the cavity, satis-
fies the usual relation (∆N)
2
=N/4 for a CSS. The ex-
periments described below are performed with N≈1000,
η=1.8(1), and a collective cooperativity Nη≈1800. The
effective cooperativity η is confirmed in an independent
measurement (see III).
We perform squeezing between the nuclear sublevels
|↑〉 ≡ ∣∣mI= 12〉 and |↓〉 ≡ ∣∣mI=− 12〉 of the electronic 1S0
ground state of 171Yb. The collective spin state can be
represented on a Bloch sphere with radius S=N/2 [33].
The cavity frequency ωc is tuned to be nearly resonant
(ωc−ωa=2pi × −340 kHz) with the |↑〉 →
∣∣3P1,mF = 32〉
atomic transition with frequency ωa in the presence of
a magnetic field Bz=13.6 G along the cavity axis. N↑
atoms in the state |↑〉 induce a vacuum Rabi splitting
2g=
√
N↑ηκΓ of the cavity resonance (Fig. S2). Near
the equator of the Bloch sphere, where N↓ ≈ N↑, there
is also a small dispersive effect from the N↓ atoms
in the state |↓〉, suppressed by the Zeeman splitting
∆z=2pi × 18.5 MHz between magnetic sublevels in the
excited 3P1 state, with ∆zΓ, κ.To accurately analyze
the experiments described below, we need to consider
both the near-resonant transition |↑〉 → ∣∣3P1,mF = 32〉
and the detuned transition |↓〉 → ∣∣3P1,mF = 12〉.
Sz is determined by detecting N↑ via a measurement of
the Rabi splitting 2g, swapping the populations of |↑〉
and |↓〉 with a radiofrequency pi pulse, and remeasuring
the Rabi splitting to give N↓. From N↑ and N↓, we deter-
mine Sz = (N↑ −N↓)/2, and S = (N↑ +N↓)/2 using the
two-transition atomic model and the separately measured
cavity parameters ( III). The primary quantity of inter-
est, denoted by σ2 ≡ 2 (∆Sz)2 /S, is the spin variance
(∆Sz)
2
normalized to the CSS noise (∆Sz)
2
CSS = S/2.
The SQL corresponds to σ2=1. Our experimental cav-
ity is frequency-stabilized to the trap laser λt=759 nm,
whose frequency is stabilized to a stable external refer-
ence cavity. The bridging frequency between this cavity
and the experimental cavity is set through a sideband
generated by an electro-optic modulator (EOM). We use
the Pound-Drever-Hall technique to lock the cavity to
the trap light. In order to actively suppress slow drifts
of the experimental cavity resonance frequency with re-
spect to the atomic transition we scan the probe light
(λ=556 nm), which is locked to an ultra-stable cavity,
and monitor the transmission of the probe light through
the cavity. With this we can precisely determine the res-
onance frequency of the experimental cavity relative to
the ultra-stable cavity. We keep this frequency stable
from run to run by feeding back through an FPGA cir-
cuit on the bridging frequency with an error of less than
15 kHz.
II. Measurement of the atomic state
The collective atomic state projection Sz is obtained from
the difference Sz=(N↑ −N↓)/2 between the two popula-
tions N↑ and N↓ of the states |↑〉 =
∣∣6s2 1S0, mI = 12〉
and |↓〉 = ∣∣6s2 1S0, mI = − 12〉. We first measure the
population N↑ of the |↑〉 state through the vacuum Rabi
splitting of the cavity mode 2g≈√N↑ηκΓ occurring when
the empty cavity mode frequency ωc is resonant with the
atomic transition |↑〉 → ∣∣3P1,mF = 32〉 with frequency
ωa. After that, we apply a radiofrequency (RF) pi-pulse
that switches the populations of |↑〉 and |↓〉, and re-
measure the Rabi splitting which is now proportional
to
√
N↓. We implement the following state measure-
ment sequence (N
(1a)
↑ –N
(1a)
↓ –N
(1b)
↓ –N
(1b)
↑ –N
(2a)
↑ –N
(2a)
↓ –
N
(2b)
↓ –N
(2b)
↑ ). The inferred Sz values for the two mea-
surements (i = 1, 2) are S
(i)
z =(N
(ia)
↑ + N
(ib)
↑ − N (ia)↓ −
N
(ib)
↓ )/4. We define the quality of a single measurement
as the normalized variance σ2d ≡ var
(
S
(2)
z − S(1)z
)
/S.
In principle, to determine the state Sz it is sufficient to
measure N↑, apply a pi−pulse, and measure N↓. How-
ever, in this way the two populations are not measured
simultaneously, resulting in additional noise due to atom
number decay. By measuring N↓ and N↑ twice, as de-
scribed in the previous paragraph, we can eliminate the
8noise due to atom decay to first order. Note that be-
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FIG. S1. Variance of the difference between two repeated
measurements on the same spin state, normalized to the
SQL, vs. total detected photon number p per measure-
ment. For small photon number, the measurement quality
increases proportionately to p. However, at large photon num-
ber the variance increases again due to Raman scattering.
The dashed line is a fit of form σ2d = a/p + bp with a=26(9)
and b=9.2(8)×10−5. The parameters for these measurements
are N∼1000, η=2.0(3).
cause of the existence of the second (detuned) transition
|↓〉 → ∣∣3P1,mF = 12〉, the vacuum Rabi peaks are not ex-
actly symmetric, and we detune the cavity by a small
amount ωc − ωa = −2pi × 340 kHz from the atomic fre-
quency to cancel the asymmetry to lowest order. We use
the exact relation 2g(N↑, N↓) when determining the pop-
ulations from the measured Rabi splittings. In Fig. S2 it
𝜔𝑐 = 𝜔𝑎
−𝜔𝑚 +𝜔𝑚
2𝑔
FIG. S2. Sketch of the implemented heterodyne measure-
ment. Two laser sidebands (green solid vertical lines) are
simultaneously chirped from the frequency of the empty cav-
ity mode (blue dashed vertical light) through the blue and
red detuned Rabi peaks, respectively. We use the beating be-
tween these two sidebands (beat note at 2ωm) to measure the
Rabi splitting 2g.
is shown the Rabi splitting measurement performed by
simultaneously sending two laser sidebands, at ωc ± ωm,
into the atom-cavity system. In this way, we can de-
tect both vacuum Rabi peaks simultaneously, while be-
ing robust against laser and cavity noise. We perform a
linear chirp of the modulation frequency ωm from 0 to
7 MHz in 10 ms, and detect the transmitted light that
contains a beat note at 2ωm. Information about the
atomic state is contained in both the intensity and the
phase of the signal at 2ωm. We record the arrival times
of the transmitted photons and fit both the intensity and
phase; using the phase information in addition to the in-
tensity improves the detection by up to a factor of 4. As
shown in Fig. S1, detection of more photons improves
the Sz detection until Raman scattering increases the Sz
noise [19, 20, 27, 30, 34]. In our system, Raman scat-
tering is suppressed to 5% of Rayleigh scattering due to
the small atomic linewidth Γ = 2pi × 184 kHz and Rabi
splitting g ≈ 2pi× 4 MHz compared to the Zeeman split-
ting ∆z = 2pi× 18.5 MHz. This enables reasonably good
detection at our relatively small atom number N≈103
compared to N = 5× 105 atoms as used in Refs. [19, 20]
which have demonstrated record squeezing. However, our
detection is 4 dB worse than the optimum expected for
our photon detection efficiency of 15%. This is likely
caused by the imperfect contrast in the chirp measure-
ment, which hinders the possibility of using the entire
phase information acquired in the heterodyne detection.
III. Measurement of single-atom cooperativity η
and determination of standard quantum limit
(SQL)
The single-atom cooperativity η can be calculated from
the cavity parameters and the measured position of the
atoms along the cavity mode. It can also be experimen-
tally verified from the spin noise, measured via the cavity,
as a function of collective cooperativity Nη [27]. For a
state prepared at the equator of the Bloch sphere, the
variance of the difference Szη=(N↑ −N↓)η/2 at the pro-
jection noise limit (standard quantum limit (SQL)) is
given by
var
(
N↑η −N↓η
2
)
= (N↑+N↓)
η2
4
=(Nη)
η
4
, (S1)
where N = N↑ +N↓=Ntot〈η〉2/〈η2〉 is the effective atom
number, and η = 〈η2〉/〈η〉 the effective cooperativity.
For atoms uniformly (or randomly) distributed along the
length of the cavity, we have N = 23Ntot and η =
3
4η0
[33]. Here, Ntot is the actual number of atoms coupled
to the cavity, while η0 is the cooperativity at a cavity
antinode, given by
η0 =
24F
pik2w2
(S2)
for a Gaussian cavity mode. In (S2), F is the cav-
ity finesse, k = 2pi/λ is the wavevector of light reso-
nant with the atomic transition, and w is the 1/e2 in-
tensity radius of the cavity mode at the position of the
9atoms. The asymmetric structure of our optical cavity
makes the mode waist w position-dependent [31], and
equal to w = 15.1 µm at the distance of 0.42 mm from
the micromirror where we trap the atoms for all experi-
ments described here. Plotting the measured variance of
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FIG. S3. Determination of the effective cooperativity from
measured spin noise, see Eq. (S1). The solid line represents
the data fitted to a linear model, while for the dashed line the
model is quadratic.
1
2 (N↑η−N↓η) as a function of the measured total cooper-
ativity Nη yields η/4 as the slope of the line, as shown in
Fig. S3. The result, η=1.8(1), agrees with the expected
value η = 1.8(2) calculated from the cavity parameters
and first principles [39]. The SQL in the population dif-
ference quadrature is then given by (∆Sz)
2
=S/2=N/4.
The linear dependence in Fig. S3 demonstrates that our
system is dominated by quantum noise. We fitted the
data also to a quadratic model (see Fig. S3) obtaining
η=1.6(2), which equally agrees with the expected cooper-
ativity. However, the p−value of the estimated quadratic
coefficient is 0.28, which means that such a coefficient is
consistent with 0. We thus use the simple linear fit as
the best estimator of η.
IV. Generation of RF Pulses
To drive the transition between the two magnetic sub-
levels mI= ± 12 of the ground state
∣∣1S0, I = 12〉 of
171Ybwe use radiofrequency (RF) pulses. The nuclear
g factor of 171Ybis equal to gI = −0.4919(3), re-
sulting in a Zeeman shift of ∆z,I(mI) = gIµNmI =
2pi × −375 Hz/G × mI . Thus, the transition frequency∣∣mI= 12〉 → ∣∣mI=− 12〉 has a Zeeman shift of ∆z,I( 12 ) −
∆z,I(− 12 )=2pi × −750 Hz/G. At a typical applied field
of Bz=13.6 G, the resulting splitting (Larmor frequency)
is 2pi × 10.2 kHz. The RF-pluses necessary to drive nu-
clear spin flips are generated using a single coil which is
composed of two independent conductors, generating an
oscillating magnetic field in the xˆ direction. Each con-
ductor carries the same AC current, but opposite DC
currents, to avoid altering the DC magnetic field expe-
rienced by the atoms. With an amplitude of 63 A for
the alternating current, a Rabi frequency of 208(2) Hz is
obtained. More details about the configuration and con-
trol of the magnetic field for Rabi pulses can be found
in [43]. In order to be insensitive to the environmental
magnetic field variations, we use a CORPSE composite
pi-pulse [44, 45] in the spin echo sequence. We perform
the spin-echo pulse around the Sx axis, i.e., the direction
of the average spin vector. The CORPSE pulse consists
of the following three pulses [44, 45]:[
θ1
]
[φ1]
[
θ2
]
[φ2]
[
θ3
]
[φ3]
(S3)
In this equation, θi is the pulse area and φi is the rela-
tive phase. We choose θ1=2pi + θ/2 − k, θ2 = 2pi − 2k,
and θ3=θ/2 − k, with k = arcsin[sin(θ/2)/2], and θ
is the target rotation pulse area, which in our case
is θ=pi. The phases of the three pulses are given by
φ1 = φ2 − pi=φ3=φ, where φ is the phase of the com-
posite pulse. The lengths of the pulses are 5.25 ms,
3.75 ms, and 0.75 ms, respectively. The pulse areas are
calibrated by Rabi spectroscopy between the nuclear sub-
levels mI = ± 12 . The simple pi Rabi pulse has an effi-
ciency of 98%. For calibration of the Larmor frequency,
we perform Ramsey spectroscopy in the space of the nu-
clear spin states, with Ramsey times ranging from 1 ms
to 50 ms.
V. Experimental sequence for two-color squeezing
Figure S4 shows the detailed experimental sequence, a
condensed version of which is shown in Fig. 1(d) of the
main text. Optical pumping puts all atoms into the
|↑〉 state. A pi/2 pulse (see Sec. IV) prepares a co-
herent spin state (CSS) along the +xˆ direction. Two
squeezing pulses are sequentially sent into the cavity,
with frequencies ωl1 = ωa + 2pi×7.33 MHz and ωl2 =
ωa − 2pi×2.00 MHz respectively, and a relative incident
power ratio of P2/P1=0.53. The shearing induced by a
photon at ωl2 is greater than for a photon at ωl1 due to a
smaller detuning from atomic resonance. At this point, a
SSS is already produced, but an N -dependent first-order
phase shift has displaced the state away from pointing
in the +xˆ direction. To compensate for this shift, we
perform a spin echo sequence, by applying a CORPSE
pi pulse around the +yˆ direction, and sending two more
squeezing pulses through the cavity, now in reverse order:
ωl2 followed by ωl1, with the same power ratio as before.
The spin echo sequence also cancels spin dephasing due
to inhomogeneous magnetic fields. The final step in the
sequence is a rotation of the state around the +xˆ direc-
tion by a variable angle α, followed by the state detection
sequence described in Section II.
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FIG. S4. Full experimental sequence for spin squeezing. The subscript in the RF pulses indicates the axis of the rotation. The
spheres below the sequence indicate the collective spin state at the corresponding time.
VI. Compensation for Fluctuations in the Total
Atom Number
1200 1400 1600 1800 2000 2200 2400 2600
0
2
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Q
FIG. S5. Compensation for total atom number fluctuations
measured for ωl1 = 7.334 MHz and ωl2 = −2.5 MHz, η=3.
Note that these measurements were taken at slightly differ-
ent conditions than the other results in the main text. The
two squeezing pulses have power ratio P2/P1 = 0.53. Blue
dotted, red dashed and black solid lines stand for theoretical
calculation for shearing strength Q due to the ωl1 pulse, the
ωl2 pulse and both together, respectively, while the red circles
indicate experimental results. Around Nη ≈ 1800, Q depends
only weakly on the total atom number.
For an initial CSS near the Bloch sphere equator (fixed
Sz ≈ 0), fluctuations in the total atom number N change
the vacuum Rabi splitting and the shearing strength Q
per incident photon. If the atom number N is greater,
probing pulses detuned from the atomic frequency by
more than the Rabi splitting (|ωl−ωa| > g ≈ 2pi×4 MHz)
will introduce a larger shearing per incident photon;
conversely, pulses with |ωl − ωa| < g will induce less
shearing. Thus, by sending two separate probing pulses
with appropriately chosen frequencies and relative inten-
sities, it is possible to avoid broadening of the generated
squeezed state due to fluctuations in N . To achieve first-
order insensitivity to atom number fluctuations around
Nη = 1800 with η = 1.8, we choose the parameters
((ωl1 − ωa)/(2pi)=7.33 MHz, (ωl2 − ωa)/(2pi)=− 2 MHz,
and incoming power ratio P2/P1 = 0.53. For the con-
ditions in which we obtained the results reported in the
main text, the model predicts, a maximum variation of
Q equal to 8% in the range 1600 < Nη < 2000. Fig. S5
shows a measurement of the compensation together with
a prediction from the theoretical model (see Sec. VII)
with no free parameters.
VII. Theoretical Model for Squeezing and
Measurement Strength
The squeezing is caused by light circulating in the cavity
that is influenced by the quantum noise of the atomic spin
Sz [14, 15]. For ωl, ωc, ωa being the angular frequencies
of the incident light, the empty cavity, and the atomic
transition, respectively, we define normalized cavity and
atomic detuning x = 2(ωl−ωc)/κ, y = 2(ωl−ωa)/Γ, and
La(y) = 1
1 + y2
(S4)
Ld(y) = − y
1 + y2
(S5)
as the absorptive and dispersive Lorentzian lineshapes,
respectively. Then in the two-level approximation, where
only the state |↑〉 is coupled to an excited state, the
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Hamiltonian of the system can be written as [43, 46]
H = Szη
|Ec|2
ωl
pi
F Ld(y) (S6)
Here, Ec is the amplitude of the circulating intracavity
electric field. This Hamiltonian causes a precession of the
spin that is canceled by the spin echo pi pulse (see Sec. V
and Fig. S4). Furthermore, due to the dependence of the
cavity field Ec on Sz, different Sz components experience
different phase shifts (one-axis twisting [6]). The shearing
strength Q is defined as the second derivative of the phase
shift with respect to Sz. Expressing Q by the transmitted
photon number ptr for a (nearly) one-sided cavity driven
through the low-transmission mirror, we obtain for the
shearing strength Qˆ per transmitted photon the following
expression:
Qˆtr ≡ Q
ptr
= − y
2 (1 + y2)
2
N↑η2 (1 +N↑η − xy)
(1 +N↑ηLa(y))2 + (x+N↑ηLd(y))2 . (S7)
Since at fixed parameters the photon number scattered
by the atoms into free space is proportional to the trans-
mitted photon number psc, we can easily find the shearing
strength Qˆsc = Q/psc per scattered photon. For our pa-
rameters we calculate Qˆ
(1)
sc = 0.014, Qˆ
(2)
sc = 0.097 for the
blue and red detuned probing pulses, respectively. Tak-
ing the input intensity ratio P2/P1 = 0.53 and the cavity
transmission ratio T2/T1 = 0.27 into account, the average
shearing strength per scattered photon is Qˆsc = 0.024.
The excess state broadening F over unitary squeezing
arises from the fact that the transmitted and scattered
light carries some residual information about the atomic
spin Sz, and tracing over the light degrees of freedom
causes excess antisqueezing of the atomic spin. We define
1 + F as the factor by which the minimum spin quadra-
ture variance is increased due to excess antisqueezing. It
can be shown that F is proportional to the transmitted or
scattered photon number. The value Fˆ per transmitted
photon is calculated as [43, 46, 47]:
Fˆtr ≡ F
ptr
=
2
(1 + y2)
2
N↑η2
(
1 +N↑η + y2
)
(1 +N↑ηLa(y))2 + (x+N↑ηLd(y))2 . (S8)
This gives for the excess broadening per scattered photon
Fˆ 1sc = 0.0018 and Fˆ
2
sc = 0.016. Taking the intensity ratio
into account, we have Fˆsc = 0.0036 per scattered photon.
VIII. Effect of Bloch sphere curvature
To lowest order in Q, the one-axis twisting Hamilto-
nian simply induces unitary squeezing with quadrature
variances given by Eq. (2). However, due to the cur-
vature of the Bloch sphere, the minimum spin quadra-
ture increases [6], with the next-lowest order term be-
ing an increase of the minimum spin quadrature variance
by Q4/(24S2) for a homogeneously coupled system [28].
In our inhomogeneously coupled system, this curvature-
induced broadening is twice as large: Q4/(12S2). This
term reproduces the observed broadening at Q & 10 in
Fig. 3 in the main text. The Bloch sphere curvature lim-
its the maximum squeezing to ξ2− ≥ −15.8 dB.
IX. Cavity QED parameters used in this
experiment
The cavity and atomic parameters are summarized in Ta-
ble I. For more details regarding the cavity see Ref. [31].
Some parameters have changed their values due to aging
of the experimental setup and are slightly different from
those summarized in Table I of Ref. [31]. Note that the
cavity linewidth κ includes broadening from the relative
frequency stability of the cavity and 556 nm probe laser,
while the cavity finesse F is obtained via a ringdown
measurement which is sensitive to the properties of the
cavity alone. The total detection efficiency  for a photon
initially inside the cavity includes mirror losses, detection
path loss, and finite photodetector quantum efficiency.
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X. Statistical and systematic errors
1. Statistical errors
The statistical error in the variance estimation with n
measurements is given by
∆σ2 = σ2
√
2
n− 1 . (S9)
Each σ2α in the tomography (see Fig. 2 in the main text) is
obtained by collecting more than 100 measurements, re-
sulting in fractional uncertainties smaller than 12%. For
each state tomography curve we performed more than
1000 experiments; we used the whole set of data to esti-
mate the state readout σ2d, resulting thus in a fractional
uncertainty smaller than 5%.
2. Systematic errors
From day to day we observe fluctuations in the estimated
state readout σ2d. We attribute this to systematic vari-
ations of the 556 nm laser frequency on the order of
±40 kHz. This induces changes in the contrast of the
beat note produced in the heterodyne measurement of
Sz (see Section II), resulting in fluctuating efficiency of
the information derived from the phase of the beatnote at
2ωm (see Fig. S2). Thus, the σ
2
d=9.4(4) dB as specified
in the main text is dominated by this systematic error.
3. Extra considerations on errorbars
The experiment for each shearing strength Q was per-
formed on a different day. To infer the spin projection
noise and the potential metrological gain, we use the mea-
surement resolution σ2d obtained on that particular day.
In this case the σ2d is not affected by daily variations and
its uncertainty is only statistical. Each day the measure-
ment resolution is obtained from ≥1000 data, resulting in
a fractional uncertainty ≤4.5%. Each ξ2st and ξ2W without
readout noise are derived by subtracting the daily value
of σ2d from the measured spin projection noise reduction
ξ2−. The errorbars of the inferred spin projection noise
ξ2st (see Fig. 4(a) in main text) are obtained by com-
bining this uncertainty with those of Q and F obtained
from the tomography measurements (see Fig. 2 in main
text). Finally, the maximal spin projection noise and
potential metrological gain are obtained from the mini-
mum of the ξ2st measured curve. The resulting values of
ξ2st=15.9(6) dB and ξ
2
W=12.9(6) dB have uncertainties
smaller than the single-measurement uncertainty.
Atomic wavelength λ = 555.799 nm
Atomic linewidth of 3P1 state Γ/(2pi) = 184(1) kHz
Cavity linewidth κ/(2pi) = 520(15) kHz
Cavity finesse F = 12.2(4)× 103
Trans. of R1=25 mm mirror 30(1) ppm
Trans. of R2=344 µm mirror 196(5) ppm
Cavity detuning (ωc−ωa)/(2pi)=−340(10) kHz
Effective cooperativity η = 1.8(1)
Atomic temperature T = 20(5) µK
Lattice depth U0/h = 2.5(6) MHz
Axial trapping frequency ωax/(2pi) = 140(4) kHz
Radial trapping frequency ωr/(2pi) = 1.4(1) kHz
Total photon det. eff.  = 15(1)%
TABLE I. Summary of most relevant parameters used in this
experiment.
